The cardiovascular effects of pancuronium may be caused partly by an interaction of this drug with the sympathetic nervous system. We examined one possible mechanism of interaction, the effect on the re-uptake processes for noradrenaline. Pancuronium and its closely related steroidal homologues, Org. 6368, Org. 7268 and NC 45, were studied at a high concentration (500 [imol litre" 1 ) for inhibition of the uptake of tritiated noradrenaline into neuronal sites (Uptake t ) and extraneuronal sites (Uptake,) in the isolated perfused rat heart. All drugs tested caused almost total inhibition of Uptake^ The bis-quaternary steroids pancuronium and Org. 6368 were selective for Uptake t inhibition, the mono-quaternary steroids Org. 7268 and NC45 also produced significant inhibition of Uptake,. Uptake! inhibition was investigated in detail using lesser concentrations of the compounds. All four steroids were found to cause a concentration-dependent inhibition of Uptake t . It seems likely, therefore, that inhibition of neuronal uptake of noradrenaline plays a significant role in the aetiology of the chronotropic actions of pancuronium in the rat.
Pancuronium bromide is a bis-quaternary steroid, which is a potent non-depolarizing antagonist of neuromuscular transmission (Buckett, Hewett and Savage, 1967) . It possesses minimal ganglion-blocking and histamine-releasing properties (Buckett et al., 1968) and does not produce the hypotension seen with tubocurarine (Loh, 1970; Smith, Proctor and Spence, 1970; Nightingale and Bush, 1973) .
Pancuronium can affect the cardiovascular system by several mechanisms. Vagolytic properties of pancuronium have been demonstrated in the cat (Hughes and Chappie, 1976) , the dog and the guineapig (Saxena and Bonta, 1970) . It can affect the uptake mechanisms for noradrenaline in the rat. This has been shown directly in the isolated perfused rat heart (Ivankovich et al., 1975) , indirectly in the pithed rat (Docherty and McGrath, 1978) , and in the isolated rat vas deferens (Quintana, 1977) . Pancuronium also produces indirect sympathetic stimulation in the dog (Domenech er al., 1976) .
This study was designed to investigate in detail the effect of pancuronium in the isolated perfused rat heart on the uptake of tritiated noradrenaline into neuronal sites, a process termed Uptakej (Iversen, 1963) and to look for possible inhibition of extraneuronal uptake of tritiated noradrenaline which has been designated Uptake,, (Iversen, 1965) . The effects produced by pancuronium were compared with those produced by its steroidal neuromuscular blocking homologues, NC 45, Org. 6368 and Org. 7268.
MATERIALS AND METHODS
Male albino Wistar rats weighing 150-250 g were killed by cervical dislocation and their hearts were removed and perfused by the Langendorff technique as previously described (Iversen, 1963) . The perfusion medium was a Krebs-Henseleit solution to which was added EDTA disodium salt at a concentration of 10 mg litre" 1 and ascorbic acid 20 mg litre" 1 to reduce auto-oxidation of noradrenaline and glucose 1 g litre" 1 . The Krebs solution was gassed with 5% carbon dioxide in oxygen and maintained at 37 °C. After perfusion for 1 min with amine-free solution the hearts were perfused with Krebs solution containing tritiated DL-noradrenaUne (The Radiochemical Centre Amersham 13.0 Ci mmol" 1 ) diluted with non-radioactive DL-noradrenaline to a final concentration of 10 ng ml" 1 and 50 nCi ml" 1 for Uptake! experiments and 5 ng ml" 1 and 125 nQ ml" 1 for Uptake,, experiments (Iversen, Salt and Wilson, 1972 DL-noradrenaline immediately before each experiment. The four drugs investigated were initially tested for inhibition of Uptake! and Uptake 2 at concentrations of 500 (junol litre"" 1 . Subsequently, dose-response curves for Uptake x inhibition by the four compounds were obtained by using a range of drug concentrations because of the selectivity of action of pancuronium for Uptake!. For Uptake! screening perfusion was continued with tritiated DLnoradrenaline for 10 min and in the case of Uptake 2 for 4 min. The hearts were then removed, blotted free of perfusion medium and homogenized in 1% EDTA 2 ml; 10 ml of acid ethanol was then added and the samples centrifuged at 3000 rev min-1 for 10 min. The radioactivity in 1-ml aliquots of the supernatant was measured in a Packard Tri-Carb liquid scintillation spectrometer after adding Biofluor 15 ml (New England Nuclear) as scintillator. The tissue content of labelled noradrenaline plus metabolites was calculated after correcting for the presence of tritiated noradrenaline in the extracellular space and, in the case of Uptake^ for the uptake of tritiated noradrenaline into sympathetic nerve terminals (Iversen and Salt, 1970) . At each drug concentration six hearts were perfused. A logprobit plot of the results for Uptake! an^ Uptake 2 was made, and the line of best fit was obtained by the method of least squares. From these plots the concentration of drug producing 50% inhibition of each uptake process (ICgo) was calculated.
RESULTS
At a concentration of 500 [xmol litre"" 1 , all four compounds produced almost complete inhibition of . Pancuronium appeared to be relatively selective for inhibition of Uptake!. The monoquaternary steroids (Org. 7268 and NC 45 , produced considerable inhibition of Uptake 2 (table I) .
When tested at smaller concentrations the compounds produced a dose-dependent inhibition of Uptake! ( fig. 1) (table II) .
DISCUSSION
The actions of pancuronium on the cardiovascular system are complex and have been the subject of controversy. In the original evaluation of pancuronium in clinical practice (Baird and Reid, 1967) little effect was noted on arterial pressure and heart rate, and these findings were subsequently confirmed (McDowell and Clarke, 1969) . Loh (1970) , however, showed that pancuronium produced a significant transient increase in arteiial pressure in patients undergoing cardiac surgery. This was confirmed by Kelman and Kennedy (1971) , who also documented an increase in heart rate and cardiac output in patients undergoing general surgery. Nightingale and Bush (1973) obtained similar findings in children.
The cause of the cardiovascular side-effects appears to be complicated and multifactorial. Evidence for a vagolytic effect which might explain the tachycardia associated with pancuronium is well established from animal studies (Saxena and Bonta, 1970; Hughes and Chappie, 1976) . Nana, Cordan and Domokos (1973) demonstrated an increase in plasma catecholamine concentrations, especially noradrenaline, after injection of pancuronium in man, and there is strong evidence for an interaction between pancuronium and the sympathetic nervous system in animal studies. Ivankovich and his co-workers (1975) showed that pancuronium inhibits uptake of noradrenaline to the isolated perfused rat heart, although their data do not distinguish between inhibition of Uptake! and Uptake 2 . These workers used a concentration of noradrenaline (200 ng ml" 1 ) which has been found to saturate Uptake 1 and with which Uptake 2 accounts for a significant proportion of the observed uptake (Iversen, 1971) . In our experiments Uptake x inhibition was examined using a concentration of noradrenaline in perfusate (10 ng ml" 1 ) at which Uptake! was the predominant inactivation process for the sympathetic transmitter. In screening for Uptake 2 inhibition, a large concentration of noradrenaline (5 fig ml" 1 ) was used. At this concentration Uptake! is saturated and Uptake 2 is the predominant process for the uptake of noradrenaline. Steroids have been shown to be potent and selective inhibitors of Uptake 2 (Salt, 1972) and in any examination of the effect of pancuronium on the uptake of noradrenaline, this should be excluded. The processes by which noradrenaline is inactivated m vivo and the physiological effects of inhibition of the inactivation processes have 26 been described previously (Salt, Barnes and Beswick, 1979) . The results of the present study are in agreement with those of Ivankovich and others (1975) . Our study shows that pancuronium is a selective inhibitor of Uptake! and, despite its steroid nucleus, has a poor affinity for Uptake 2 sites. The inhibition of Uptake! is dose-dependent and the IC M value (16.1 (imol litre" 1 ), determined from our doseresponse curve, is of the same order of magnitude as that deduced from the data produced by Ivankovich and others (1975) .
This study also confirms the work of Docherty and McGrath (1978) , who found indirect evidence that pancuronium is an Uptake x blocker in the pithed rat. These workers found no potentiation of the chronotropic response to isoprenaline, which is the substrate of choice for Uptake 2 and is not transported into Uptake! sites (Callingham and Burgen, 1966) . Domenech and co-workers (1976) , in experiments on dogs, obtained evidence that pancuronium may act indirectly by releasing noradrenaline from sympathetic nerve terminals. However, using the same preparation as ourselves (the isolated perfused rat heart), Ivankovich and others (1975) found no evidence for the release of noradrenaline from sympathetic nerve terminals by pancuronium. Quintana (1977) , using the isolated rat vas deferens preparation, was able to show that pancuronium is devoid of indirect adrenergic activity, but he demonstrated an increased sensitivity in the preparation to noradrenaline explicable on the basis of uptake inhibition of the neurotransmitter by pancuronium. It is feasible that pancuronium acts on the sympathetic nerve terminals both by an indirect, tyraminelike mechanism, as well as by inhibition of Uptake!. Species difference may explain the apparent discrepancy in these findings.
The other bis-quaternary steroid tested, Org. 6368, also produced dose-dependent inhibition of Uptake 15 although it was less active in this respect than pancuronium. The mono-quartenary steroids tested, NC 45 and Org. 7268, inhibited Uptake! in a dose-dependent fashion, but to a lesser extent than did the bis-quaternary steroids.
In the screening experiments, at high concentration, the mono-quaternary compounds produced significant inhibition of Uptake 8 . There appeared to be an inverse relationship between the degree of blockade of Uptake! and Uptake 2 produced by the four drugs tested. Thus, the least active inhibitor of Uptake 15 Org. 7268 , produced the greatest inhibition of Uptake 2 . The structure-activity relationship for inhibition of the two uptake processes may depend, therefore, on the number of charged groups attached to the steroid nucleus. This is in agreement with the findings of Salt (1972) that a wide range of biologically active uncharged steroids were selective for Uptake 2 inhibition and did not inhibit Uptake!.
Of the compounds examined in this experiment pancuronium is established in clinical practice and NC 45 is undergoing clinical trials. Org. 6368 and Org. 7268 are not at present in clinical use and were included to see how homologues of pancuronium and NC 45 behaved. Pancuronium causes cardiac stimulation in the rat and this paper suggests this may in part be caused by inhibition of Uptake^ The rat is resistant to the effect of pancuronium at the neuromuscular junction (Sugrue, Duff and Mclndewar, 1975) . In order to produce prolonged blockade of skeletal muscle twitching in the pithed rat, at least 1 mg kg-1 must be administered (Docherty and McGrath, 1978) . The concentration of pancuronium that produced 50% inhibition of Uptakej was 11.8 (xg ml-1 . NC 45 is slightly less potent as a neuromuscular blocker in the cat than is pancuronium, and possesses a much wider margin between neuromuscular blocking doses and the doses which produce an increase in heart rate (Durant, 1978) . Docherty and McGrath (1979) 
SUMARIO
Los efectos cardiovasculares del pancuronio pueden ser parcialmente causados por una interacci6n de dicha substancia con el sistema nervioso simpatico. Examinanos un posible mecanismo de interacci6n, el efecto sobre los procesos de re-captacion de noradrenalina. Se procedi6 al estudio del pancuronio y de sus hom61ogos esteroides estrechamente relacionados, Org. 6368, Org. 7268 y NC 45 en una alta concentracidn (500 (im litro-1 ) para inhibir la captad6n de noradrenalina tritiada dentro de los sitios neuronales (Captaci6nJ y de los sitios extraneuronales (Captaci6n^ en el corazon perfusado aislado del ratdn. Todas las substancias bajo prueba ocasionaron una inhibici6n casi total de la Captaci6n,. Los esteroides bicuaternarios Pancuronio y Org. 6368 fueron selectivos para la inhibicidn de la Captaci6n,, los esteroides monocuatemarios Org. 7268 y NC 45 produjeron tambien una inhibici6n significative de la Captaci6n,. Se reaUz6 un estudio detallado de la inhibici6n de la Captad6n, mediante el uso de concentraciones menores de los compuestos. Se observd que los cuatro esteroides todos ocasionaban una inhibici6n de la Captaci6n, que dependia de la concentraci6n. Por lo tanto, es muy probable que la inhibici6n de la captaci6n neuronal de noradrenalina juegue un papel importante en la etiologia de las acciones cronotr6picas del pancuronio en los ratones.
